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ABSTRACT
Protein colloid (glue), thiourea, Avitone and chloride
ion are the most common additives used electrorefining
copper.

The polarization behavior of these additives,

single and combined, was studied by cyclic voltammetry tech
niques in conjunction with stationary and rotating disc
electrodes.

In the stationary electrode work, different

protein colloids give substantially different results in
polarization or interaction with other additives.

The role

played by Avitone is not clear, but it does somewhat modify
other additives in the electrolyte.

Thiourea can cause a

depolarized peak and a polarized plateau depending on the
concentration, the other additives present and the potential
selected.

Chloride ion causes some changes in polarization

behavior and morphology, but the most significant effect is
the interaction with other organics.

It was found that an

improper balance among the additives, especially the ratio
of thiourea to chloride ion, could cause rough, irregular
deposits, due to a very localized variation of these addi
tives.

In the rotating disc work, it was found that the

polarization behavior of these additives strongly depended
on the mass transfer conditions. The polarization curve for
an additive-free electrolyte is independent of the rotation
speed in the potential scan range studied.

The current

tends to decrease with an increase of rotation speed for a
glue-containing electrolyte, except in certain potential
regions where a current maximum is observed.

The plot of

IV

current versus rotation speed at a selected potential seemed
to provide a means of detecting the concentration variation
of a protein colloid in the copper electrolyte.

The corre

lation between thiourea content, rotation speed and scan
rate has been established by using the onset of the thiourea
plateau as the criterion.

The calculation of the pseudo

limiting current indicates the formation of a passive film
is the reason for the presence of the current plateau.
Thiourea content in a mixture with protein colloid TPC IV
can be estimated from the slope of the reverse scan curve,
and the concentration of protein colloid then intimated by
the potential shift of the thiourea peak.
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1
ABSTRACT

The polarization behavior of some of the more common
additives ( protein colloid, thiourea, Avitone and chloride
ion ) and their mixtures used for copper electrorefining was
studied by cyclic voltammetric techniques.

Different prote

in colloids were found to give substantially different
results in polarization or interaction with other additives.
The role played by Avitone is not clear, but it does seem to
modify somewhat other additives in the electrolyte.

Thiour

ea can cause a depolarized peak and a polarized plateau
depending on the concentration, the other additives present
and the potential selected.

Chloride ion causes some chang

es in polarization behavior and morphology, but the most
significant effect is the interaction at low concentrations
with other organics.

It was found that an improper balance

among these additives, especially the ratio of thiourea to
chloride ion, could cause rough, irregular deposits probably
due to a very localized variation of these additives at the
growth surface.

Voltammetry techniques were found to be

quite useful in monitoring the concentration variations and
in providing a better basic understanding of the electro
chemical effects of the additives.

2

INTRODUCTION

An acid sulfate electrolyte is the one most commonly
used for the electrorefining and electrowinning of copper.
The system is very reliable and versatile, but control of
cathode deposition to minimize nodular growth is often a
problem.

Addition of leveling and grain refining agents

becomes necessary to produce smooth deposits, except in
certain instances where very low current densities can be
used.

In most instances there is a definite, desirable

concentration range for each of the additives, with either a
deficiency or an excess yielding undesirable results"'".
The situation is further complicated by the fact that the
critical additive contents are often in the range of 10 ppm
or less and interactions among the various species in
solution can cause modifications to the active amounts pres
ent in solution.

Thus, it is the electrochemically

available concentration of the additives that must be main
tained within a relatively narrow range for optimum
2

results .

The true concentration can deviate from the

physical amount added to the electrolyte because of hydroly
sis, incorporation into the deposits, chemical reaction with
the electrolyte and other dissolved species or electrochemi
cal alteration at either electrode.
The need to estimate the active additive concentration
in an electrolyte has been recognized for some time, with a
number of techniques now being proposed to assist in this

3
determination

3-8

.

The majority of the tests that show

the most promise are electrochemical in nature and relate to
changes in polarization with additive type and concen
tration.

The ability to continually assess these levels

appears to be essential in maintaining cathode growth and
quality.
Thiourea and protein colloid are two of the more popu
lar additives used for electrorefining in an acid copper
sulfate system.

The addition of small amounts of these

reagents, in some cases even a fraction of 1 ppm, can have a
substantial influence on polarization behavior and the
resulting copper deposit structure 9-1]'.

As mentioned

previously, considerable research has been carried out
trying to obtain correlations between polarization measure
ments and deposit morphology.

Most of the methods proposed

have concentrated on the study of single additives in an
electrolyte.
Protein colloid has been accepted as one of the most
universally effective organic additives in copper electrore
fining.

Other organic compounds work well in conjunction

with protein colloid but not to the extent of displacing it
entirely-1. Two methods have been proposed recently to
measure the active protein colloid content of copper elec
trolyte when other additives are present.

One involves

heating the solution to a temperature that destroys the
protein colloid while leaving other interfering species
3
unaffected . Comparative polarization measurements

4
before and after the thermal treatment allow the protein
colloid to be estimated.

Another method separates protein

colloid by filtration followed by redissolution into a fresh
5
electrolyte for polarization measurements . The active
concentration of protein colloid can then be estimated with
out interference.

Both methods represent major advances

toward organic determination but there is still a need to
identify a properly balanced system with multiple additives
present.

Also, little is known about the mechanism involved

in the beneficial effects of the additives, so additional
information of a more fundamental nature is desirable as
ii12
well
Previous voltammetric studies have demonstrated that
protein colloid and thiourea additions cause the polariza
tion behavior of the depositing copper to become substang

tiaily altered . Protein colloid gives a relatively
straightforward polarizing effect, with the slope of the
initial linear portion of the voltammetric curve decreasing
proportionally with increasing concentration of protein
colloid.

Thiourea exhibits an accelerating current peak

followed by a plateau similar in appearance to a limiting
current.

The interpretation of the voltammetric results

becomes more complicated when multiple additives are pres
ent .
The focus of this research is directed on establishing
the feasibility of using voltammetry as a means of estimat
ing the ratio of multiple additives, particularly chloride

5
ion, protein colloid, thiourea and Avitone in both synthetic
and industrial electrolytes, and identifying characteristic
trends in deposit morphology that result.

In addition,

attempts have been made to correlate the changes noted in
polarization behavior with the chemical and/or electrochemi
cal effects caused by varying the additive concentrations.

6
EXPERIMENTAL

The synthetic electrolyte was prepared from Fisher
certified grade cupric sulfate pentahydrate and reagent
grade sulfuric acid to give a stock electrolyte with a
concentration of 36.3 g/1 of copper ion and 162 g/1 of free
sulfuric acid.

Protein colloids, thiourea and Avitone

(hydrocarbon sodium sulfate compounds) were each dissolved
separately in distilled water to yield stock solutions of 1
g/1, which were then refrigerated to minimize deterioration.
Chloride ion stock solution at a concentration of 3.9 g/1
was prepared from potassium chloride.
The cyclic voltammetry experiments were conducted using
a Pyrex beaker cell in a constant temperature water bath.
Most tests were made at 40°C, using a Petrolite M-4100
Potentiodyne Analyzer to generate the voltammograms but
selected runs were also made at 50°C.

The cathode was

fabricated from an Asarco high purity (99.999%) copper rod
2

with a circular cross-sectional surface of 0.657 cm .
The anode was constructed from platinum gauze and a
Hg/Hg^SO^ (saturated K^SO^) reference electrode with a
potential of 0.642 V (SHE) was used.
The working cathode was prepared by wet polishing on
240, 320, 400 and 600 grit paper, washing in an ultrasonic
cleaner, rinsing with distilled water, drying in a stream of
cold air, and immediately placing in the electrolyte.

The

7
electrode was placed in the cell and allowed to equilibrate
for 10 minutes before each run.
The voltammograms were begun at the rest potential,
which varied only slightly with additive content.

The scan

was driven in a cathodic direction to a pre-set maximum
potential before reversing to the starting potential.

Vari

ous scan rates were tried but 0.5 mV/sec gave the most
consistently reproducible results and was employed for the
majority of this research.
Initial experimentation involved establishing reference
curves for various concentrations of single additives in the
stock copper electrolyte and then for various mixtures of
additives of interest.

Cyclic voltammograms were made in

all cases but the reverse sweep curves were used most often
because of the more reproducible results obtained.
Morphological studies were made on 3-hour, galvanostatically produced deposits.

Electrolytically refined copper

served as the soluble anode for the experiments.

Before

each experiment, the anodes were prepared by soaking in a
40% HNOg solution, rinsing with tap water and distilled
water, and finally acetone before drying immediately in a
cold air stream.

The cathodes were commercial titanium

sheet with a working area of 3.5 cm by 4 cm and were
prepared by abrading with 240 and 320 grit paper, rinsing
with tap water, distilled water, acetone, and finally drying
with hot air.

Teflon strips were used to prevent edge

growth during deposition and to facilitate deposit removal.

8
Two anodes and one cathode were used, and a slotted, plexi
glass top cover maintained a cathode to anode distance of
3.1 cm.

The electrodes were removed from the cell at the

end of each experiment and thoroughly rinsed.

Some deposi-

tion tests were carried out using a Hull cell 13 .

The

morphology and crystal orientation of deposits were deter
mined by scanning electron microscopy and X-ray diffraction
respectively.

9
RESULTS

Single Additive Effects

The voltammetry curves for electrolytes containing
various single additives are shown in Figures 1, 2 and 3,
with the unaltered stock electrolyte as the basis for
comparison.

Two different collagens, Swift technical prote

in colloid TPC 69 and 2268, were studied, and the reverse
sweep portions of the polarization curves at 5 ppm concen
tration levels are shown in Figure 1.

The addition of TPC

69 causes an initial polarization but gives a slight depo
larization at higher current densities.

The addition of TPC

2268 causes polarization over the entire scan range encom
passed.
Chloride ion polarizes at a lower concentration (5 ppm)
and depolarizes at higher concentrations (at both 20 and 40
ppm).

The Avitone-bearing electrolyte, at both 5 and 10

ppm, gives curves that closely parallel those for the stock
2

solution, but are initially polarized (about 4.5 mA/cm )
2

before becoming slightly depolarized (about 5.5 mA/cm )
at higher current densities.

The reverse sweep direction

portions of these curves are shown in Figure 2.
With either protein colloid or chloride ion in the
electrolyte, there is little hysteresis in the curve, the
reverse sweep direction being a fair reproduction of the

10
initial sweep in the forward cathodic direction.

Such is

not the case with thiourea.
At concentrations of both 5 and 10 ppm, the thiour
ea-bearing electrolyte gives an initial polarization
followed by a current peak and then a heavily polarized
plateau region, resembling a limiting current or cathodic
passivation, on the forward cathodic sweep direction of the
curve.

The plateau is essentially eliminated on the reverse

sweep, but the current peak remains as shown in Figure 3.
The magnitude of the current peak decreases with increasing
thiourea content.

At lower thiourea concentrations (less

than about 5 ppm) the curves show an initial depolarization
at lower current densities (less than about 30 mA/cm 2 ).
Eventually a polarizing effect is noted as the concentration
and current density increase.
The reverse sweep direction curves of the electrolytes
containing various concentrations of thiourea were compared
to those produced from the unalterd stock electrolyte.

An

accelerated deposition (or depolarization) is indicated by a
positive deviation in current density compared to that for
the unaltered solution, while negative values indicate
stronger polarizing conditions.

The magnitude of the

differences noted, as a function of overpotential, is given
in Figure 4.

All deviations are with respect to the stock

electrolyte, which is denoted as zero in the plot, and at
the potential indicated.

The actual values of current

densities for the stock electrolyte are given for reference.

11
It is obvious from the curves that a large variation in
current density, or copper growth rate, results from rela
tively small changes in thiourea concentration.

The current

is also surprisingly sensitive to change from depolarizing
to polarizing within a narrow potential region of interest
in many electrorefining operations.

Multiple Additive Effects

Once some of the polarizing effects of single additives
were determined, a more complicated synthetic electrolyte
approximating a commercially available industrial solution
was tested.

After several trials, a composition of TPC 69 1

ppm, TPC 2268 1 ppm, Avitone 5 ppm, thiourea 5 ppm and chlo
ride ion 40 ppm was chosen.

This composition was used

because it gave a polarization curve very similar to that
for an industrial operation that was producing consistently
good cathode quality.

The objective of this part of the

study was to find the effect that varying one additive in a
multiple additive system had on the voltammetric curves.
The tests are conducted in such a way that each additive is
evaluated at three concentration levels, the initial value
being zero in all cases, while holding the other additive
concentrations constant.

The reverse sweep portion of the

voltammetric curve for this synthetic electrolyte is given
in Fig. 6 .

12
The Avitone content in this electrolyte changed and
these results are also given in Fig. 5.

There is little

effect noted on the polarization curve, as only a slight
depolarization occurs at concentrations approaching 10 ppm.
There was some indication that the current peak character
istic of thiourea was modified to some degree with
increasing Avitone.
The curves in Figure 6 show the very pronounced effect
of thiourea on the reverse sweep portion of the polarization
curves.

The characteristic peak and limiting current

portions of the curve are very evident with both becoming
magnified with increasing concentration, however, the
initial polarization behavior did not change appreciably.
The chloride ion concentration seemed to play a major
role in the polarization behavior, particularly with respect
to interaction with thiourea.

The limiting current plateau

referred to previously was found only when thiourea was
present, but Figure 7 indicates that the chloride ion is at
least partially responsible for the magnitude and extent of
this characteristic feature.

When no chloride is present,

the accelerating or depolarizing influence of thiourea in
generating a current peak in the potential range of +0.222
to +0.182 V (SHE) is visible.

At 40 ppm chloride ion no

accelerating current is observed and the limiting current
plateau is very evident.

As the chloride ion increases, the

thiourea influence appears to diminish, which is exemplified
by the absence of the current peak and the increase in the
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current density at which the limiting current plateau
occurs.

At this point the chloride ion appears to dominate

and the polarization behavior approaches that observed when
only chloride ion was present in solution.
The addition of small amounts of protein colloid to the
electrolyte causes only a slight degree of polarization
without affecting the general curve shape.

As seen in

Figure 8 , however, as the protein colloid content is
increased to 10 ppm total, the thiourea and chloride ion
influences are nearly eliminated. The curve becomes linear,
but more polarized, with a uniform slope and the absence of
any of the apparent complex patterns observed previously.
There is insufficient evidence at this time to indicate that
the uniform curve is more desirable for level growth, but it
does show that the strong electrochemical modifications to
copper deposition by the various additives can be buffered
or altered significantly at certain ratios of their concen
trations .

Thiourea-Chloride Ion Effects

From the previous results, it is reasonable to specu
late that there is interaction occurring among the addi
tives, with thiourea and chloride ion being two of the more
important to consider.

It also appears that some critical

concentrations, or ratios of these concentrations, exist at
which deposition can be altered dramatically as changes
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occur in the controlling species which dominate copper
growth, morphology and orientation.
A series of voltammetry experiments was carried out at
both 40° and 50°C using different concentration ratios of
thiourea to chloride ion in the electrolyte.
tests run at 50°C are given first.

The results of

When chloride ion (5

ppm) and thiourea (10 ppm) are both present, a substantial
change in polarization is noted by the formation of a
current plateau (Fig. 9).

The stabilization of the thiourea

plateau in the anodic sweep part of the curve by chloride
ion is confirmed.

The current peak and accelerating current

are also eliminated.
A series of deposition tests was carried out on Ti
blanks at 35 mA/cm^ (about 32.5 ASF) and 50°C using
electrolytes containing the above additives.

The deposit

obtained from the electrolyte containing 10 ppm thiourea
(Fig. 10a and b) has a smoother surface and finer grain size
than that obtained from the stock electrolyte without any
additives (Fig. 11a and b).

The front side of the deposit

made with 5 ppm chloride ion (Fig. 12a and b) has the tend
ency to grow into pyramidal crystals.

The backside of the

deposit tends to be grainy and porous with areas of interg

rupted deposition , a condition which indicates the
onset of poor adherence of the copper to the titanium subs
trate.

The addition of the mixture of 10 ppm thiourea and 5

ppm chloride ion produces a rough nodular deposit with some
prism growth evident in the background substrate at higher
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magnification as seen in Fig. 13a and b.

Increasing the

chloride ion content from 5 to 40 ppm, eliminates the
nodules with an increased tendency toward pyramidal growth
becoming the major morphological feature at low magnifica
tions (Fig. 14a).
The X-ray analyses of the deposit orientations are
summarized in Table 1.

With no additives present in the

electrolyte, the (220) orientation is predominant, with some
(331) and (420).

Addition of 5 ppm chloride ion does not

change the orientation.

The addition of 10 ppm of thiourea

or the mixture of the two produces a mixed orientation with
(111) as the major peak.

Increasing the chloride ion

concentration from 5 to 40 ppm, with the thiourea level
maintained at 10 ppm, the (200) becomes preferred.
The ratio of thiourea to chloride is thus seen to be a
most critical factor in the formation of one category of
nodules, all other factors remaining constant.

The nodular

growth seems associated with a mixed orientation.
Another series of deposition tests was carried out at
40°C and 28 mA/cm^ using a higher chloride ion to thiourea
concentration ratio.

The deposit made from electrolyte with

2.5 ppm chloride ion and 5 ppm thiourea has nodules as seen
in Fig. 15.

Increasing the chloride ion concentration from

2.5 to 20 ppm, at a 5 ppm thiourea level, reduces the size
of the nodules significantly (Fig. 16).

Further increasing

the chloride ion content from 20 to 40 ppm, at the same
thiourea level, gives a smooth, nodule-free deposit (Fig.

16
17).

The polarization curves corresponding to the concen

tration variations of the two additives are shown in Fig. 18
and they are consistent with those shown previously.

The

results indicate the desirability of maintaining a proper
ratio of chloride ion to thiourea in order to eliminate the
nodules, but it must be remembered that other undesirable
effects can occur, such as poor adherence to Ti blanks, if
this ratio gets too large.

The latter limitation would

probably not be as critical if copper starter sheets were
used.

The orientations of the deposits are also shown in

Table I.

With the addition of a mixture of thiourea and

chloride ion, (111) is the predominant orientation at a
lower chloride ion to thiourea concentration ratio.

Upon

increasing the chloride ion to thiourea concentration ratio,
the orientation shifts to a mixed one and finally (200)
becomes the predominant orientation as found previously.
Protein colloids also have an effect on the formation
of nodules which formed in the presence of chloride ion and
thiourea.

Preliminary Hull cell studies show that increas

ing the amount of protein colloids helps to shift the
current density at which nodules are initiated to higher
values.

The tests were carried out on copper substrates at

40°C for 3 hours, in a 267 ml Hull cell with a total
current of 1 ampere.

For an electrolyte containing TPC 69 1

ppm, TPC 2268 1 ppm, thiourea 5 ppm, Avitone 5 ppm and chlo
ride ion 40 ppm, the deposit has few nodules at a current
density of 4 mA/cm

2

(~ 3.7 asf) but the amount of nodulation
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increases rapidly with increasing
micrographs at 10 and 20 mA/cm

2

current density.

The SEM

are shown in Fig. 19a and b.

Upon the addition of 4 ppm of both TPC 69 and TPC 2268 to
the above electrolyte, there are no nodules on the deposit
at a current density of 10 mA/cm
appear at 20 mA/cm

2

2

(Fig. 20a), but some

(Fig. 20b).

Little difference was noted when comparing polarization
curves generated at 40° or 50°C.

Raising the temperature

from 40° to 50°C shifts the curves, for both the single
additives and the mixture of additives, to higher corre
sponding currents, but the main features of the curves
remain the same, as seen by comparing Figs. 9 and 21.

Thiourea-Avitone Effect

Although Avitone does not clearly demonstrate any
significant effect on the curve when it is present with a
mixture of additives, it does interact with thiourea.

The

addition of 10 ppm Avitone to an electrolyte containing 5
ppm of thiourea enhances the initial depolarization observed
at low potential and the peak current region, and decreases
the polarization that occurs at higher potentials (Fig. 22).
Additional work is needed to more clearly define the role of
Avitone in the cathodic deposition of copper.
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DISCUSSION

In order to obtain a smooth, fine-grained, pure depos
it, a mixture of additives is usually used in copper elec
trodeposition.

One of the most common mixtures for

electrorefining practice is constituted of protein colloids,
thiourea, sulfonated hydrocarbons (such as Avitone) and
chloride ions.

Protein colloids and thiourea are regarded

as additives capable of giving leveling and grain refining
effects respectively, but the role played by Avitone is not
clear.
This study emphasizes the evaluation of electrolytes
containing these reagents using cyclic voltammetry tech
niques.

Once the relationship between the concentration

variations of the additives and the electrochemical
responses as indicated by the voltammetric curves is estab
lished, techniques of this type can be used for monitoring
the concentration of the additives during processing.
Deposit quality changes can then be related to the concen
tration variations of the additives, allowing for proper
adjustments to be made, provided other deposition parameters
are maintained constant.

In addition, the electrochemical

tests might be used to gain some insight into the additive
mechanism and the reason for their effectiveness in improv
ing the cathode growth.
Single additives were tested first to establish trends
and generate curves which could serve as reference patterns
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for investigating unkown solutions.

For most of the addi

tives except thiourea, there is a small hysteresis between
the forward and the reverse sweep portion of the curve.

The

hysteresis may come from the slight increase of surface area
that results from initial copper nucleation, or the prefer
ential adsorption of the additives before the deposition
cycle begins.

In the case of thiourea, the hysteresis,

which increases with the concentration, is evidence of
strong adsorption of some thiourea species or its deriva
tive.

This phenomenon will be discussed later.
A number of different protein colloids are available

commercially.

The two organics used primarily in this work,

TPC 69 and 2268 14 , are collagen proteins with isoelec
tric points of about 5, and are cationic in the electrolyte.
-NH0 and -COOH reactive groups are available to both
protein colloids.

TPC 69 has an estimated molecular weight

of 30,000 which is three times that of TPC 2268.

Their

polarization curves are somewhat different, but the exact
cause is not necessarily attributable to any specific prop
erty of the colloids.

At 5 ppm, TPC 69 starts to depolarize

at a potential slightly more cathodic than the rest poten
tial, but TPC 2268 causes polarization over the entire
potential sweep range.

Other factors being equal, the more

uniform polarization obtained with TPC 2268 would seem more
desirable.

However, different results may be obtained when

galvanostatic deposition is conducted, so a direct compar
ison with the potentiodynamic scans may be inappropriate.

A
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comparative deposition study for these two additives over a
current density range would be appropriate in determining if
morphological changes were noted.

Generally, the adsorption

of protein colloids is reputed to cause polarization by
blocking the electrode surface and retarding copper deposi
tion.

The depolarization may result from surface

micro-roughening and increased area^ for copper deposi
tion or could possibly be related to morphological or orientation differences 15 , since these also occur when
additives are present.

The chemistry of TPC 69 may be part

ly responsible for the depolarization as well.

Since TPC 69

is processed with a CaCl^ addition, there is a possibil
ity of increased activity due to chloride ions which would
probably alter the stability and type of complex species
present in the double layer.

The main fact is that both TPC

69 and 2268 give a polarization proportional to their
concentration and could be monitored by voltammetry tech
niques .
Thiourea is reported to complex with copper ions,
particularly with Cu

~r

and possibly mixtures of both the
+1 and +2 oxidation states 16 . Thiourea (Tu) is also
reported to be oxided

to formamidine disulfide (FD) by

n
.
16
Cu +2 ions

2Cu+2 + 2(NH2 )2CS = 2Cu+ + (NH2 )2 (NH)2C2S2 + 2H+

(1 )
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Thiourea and formamidine disulfide are reported to form a
redox system as follows,

- 2e“
2(NH2 )2CS

.± (NH2 )2 (NH)2C2S2 + 2H+

(2)

+ 2e

Formamidine disulfide also forms a complex with Cu+,
[Cu(FD)]+, which exists at low concentrations of thiour
ea.

At high concentrations of thiourea, the formamidine

disulfide in the complex is replaced by thiourea to give
[Cu(Tu)]+ .

Polarographic w o r k ^ has shown that the

cathodic reduction wave of formamidine disulfide is present
only at high concentrations of thiourea.

At low concen

trations of thiourea, formamidine disulfide exists as
[Cu(FD)] , and there is no free state formamidine disul
fide available to produce the cathodic reduction wave.
In this work, for thiourea at a concentration less than
5 ppm, the reverse sweep portion of the curve is depolarized
in the low cathodic overpotential range and polarized as the
potential becomes more negative.

The degree of depolariza

tion decreases with increasing thiourea concentration, indi
cating that the main cause for the depolarization may come
from the presence of [Cu(FD)]+ at the interface. The
+
[Cu(FD)] is apparently reduced to thiourea and copper
relatively easy, allowing the thiourea produced to react
chemically with Cu +2 diffusing into the interface region
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and again forming [Cu(FD)] + . Since the reduction of Cu +2 to
+
17
Cu has been reported as the rate determining step , the
partial catalyzing of this slow step in the reaction by
thiourea could cause the observed depolarization.

Since the

reaction between thiourea and formamidine disulfide is
reversible under the electrolyzing conditions, the initial
amount of additive required to produce the observed current
increases could be very small.

Mechanistically it might be

imagined that the active organic molecules serve as transfer
agents, cycling between the redox forms (Tu and FD) in the
double layer and influencing the Cu +2 /Cu +1 equilibria as
mentioned previously.

As the thiourea concentration in the

electrolyte is increased, more thiourea exists as
[Cu(Tu)]+ , or a similar species that is more difficult
to reduce.

This specie adsorbs on the surface and forms a

stable passivating layer thus retarding copper deposition
and increasing the overpotential.

A likely result of the

presence of this layer is a modification of the nucleation
and growth rate of the copper to finer grained material, a
feature usually observed when thiourea is present in suffi
cient concentrations.

Under any given set of plating

parameters, all of species are probably present, but the
results observed depend on which ones dominate and the rela
tive concentrations of each at the cathode surface.

Some

amount of the additive is probably deposited or occluded
into the copper as well, thus some fraction is continually
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being used and would have to be replaced by diffusion into
the double layer.
On the forward sweep portion of the curve (Fig. 3), the
degree of polarization increases with increasing thiourea
concentration and eventually a current plateau forms.

The

plateau is similiar in appearance to a limiting current or a
cathodic passivation and may indicate that a type of equi
librium saturation of the surface exists due to the
adsorption of some form of thiourea complex described previ
ously.

As mentioned, the thiourea would be favored over the

formamidine disulfide at more cathodic potentials.

The

adsorbed film is sufficiently stable to dominate the deposi
tion process over a wide potential range, but eventually the
layer breaks down at some cathodic potential, causing a
sharp increase in current at the point where the film
becomes unstable.
The absence of the limiting current on the reverse
sweep is probably a function of the relative reaction rates
and concentrations of the reacting species.

During the

forward sweep the organic can be concentrated in the double
layer because the rate of copper reduction is low.

At high

current densities the copper ion overwhelms the organic,
thus masking the effect observed during the initial sweep.
A few potentiostatic tests were conducted to test this
hypothesis.

The electrode could be maintained in the

plateau region during a forward cathodic sweep for over 30
minutes without any noticeable increase in current, indicat
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ing that a stable film could be maintained if the copper and
thiourea fluxes were in the proper range.
The acceleration (depolarization) or deceleration
(polarization) observed in the presence of thiourea is quite
significant; the magnitude changing as much as 30% to 50%
over a relatively narrow current density range as seen from
Fig. 4.

The variations are dependent on the thiourea

concentration, but are probably also influenced by the
experimental parameters such as scan rate.

The maximum

acceleration and deceleration occur in a narrow potential
range, regardless of the concentration of thiourea, and
appear to be redox related.

The former potential appears as

the initation of the adsorption of the thiourea complex and
the latter represents the breakdown of the adsorbed thiourea
complex layer which causes the presence of the current
plateau.
In this study chloride ions show a polarizing effect at
a low concentration (5 ppm) and a depolarizing effect at
high concentrations (20 ppm and higher).

One possible

explanation for the polarizing effect may be the formation
of the intermediate CuCl

18

.

The depolarization effect

of chloride ion at higher concentration has also been
explained by the stabilization of the chloride complex
CuCl„”
.
z
The possible interactions among the additives through
compound formation, complex ion formation, chemical and
electrochemical reaction followed by specific adsorption,
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make the interpretation of the curves even more complicated.
Chloride ions appear to promote the formation of a limiting
current plateau when present with thiourea, as in the case
of a mixture of 10 ppm thiourea and 5 ppm chloride.

This

may result from the formation of mixed complexes 19 ,
Cu(Tu)Cl, which have been reported to form in preference to
the Tu or FD complex, or in assisting to further stabilize
the Cu+-Tu complexes.

The deposits obtained from the

electrolytes containing mixtures of thiourea and chloride
ions have shown that maintaining a proper ratio of these
additives is critical if good copper deposits are to be
obtained.

Voltammetry techniques appear to be very useful

in finding if the optimum concentration ratio exists, or at
least indicating when the electrolyte begins to deviate from
the desired levels.
Avitone partially counteracts the polarizing effect of
thiourea as shown in Fig. 22 , but the interaction seems less
pronounced when other additives are present.

It may be

another indication of the formation of different thiourea
complexes in the presence of chloride.
From the SEM micrographs, it can be seen that the
morphology is uniform when the deposit is obtained from the
stock electrolyte or the electrolyte containing only one
single additive, except that the one obtained from a chlo
ride-containing electrolyte has a tendency for pyramidal
growth.

With a mixture of additives in the electrolyte, the

deposits obtained tend to have a mixed morphology, which
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varies depending on the relative concentration ratio of the
additives, bath temperature and the applied current density.
It appears that the localized heterogeneous regions are
caused by the localized concentration variations of the
additives, which alter the growth rates on a micro scale and
ultimately lead to uneven deposition rates and an irregular
surface.

Since the additives are present in such low

concentrations, relative mass transfer rates for the differ
ent species across the cathode surface are most likely
important in determining levelness of growth.
The results have shown that the relative concentration
ratio of chloride ion to thiourea is one of the important
factors for controlling certain types of nodulation.

Higher

chloride ion to thiourea concentration ratios in the elec
trolyte appear to prevent nodulation.

However, high concen

trations of chloride ion facilitate a lacy deposit on Ti
substrates.

This undesirable feature can then be counter

acted by protein colloids, again pointing to the importance
of maintaining a proper balance of additives in the electro, , 20
lyte

The x-ray diffraction analyses show prefered orien
tations exist for most of the deposits and shifts from (220)
through (200) to (111) with an increase in polarization.
The tendency toward more mixed structures also increases in
the same order, with less dominance by any single peak or
orientation.

Electrolytes containing no additives or only

chloride ion produce deposits with similiar orientations,

prefered (220).

A mixed orientation occurs for deposits

obtained from thiourea-bearing electrolytes, with the major
peak shifting toward (111) as the concentration, as well as
the polarization, increases.

Similiarly, an increase of

chloride ion in electrolytes containing thiourea decreases
the polarization and shifts the major orientation from (111)
to (200).

Historically there has been limited success in

obtaining any direct or constant relationship between over
potential and polarization, particularly for multiple
additive systems.

The above correlation does appear to

follow the crystallization theory that the crystallization
overpotential increases in a order of (220), (200) and (111)
such that the preferred orientation shifting toward (111) is
increasing the polarization of the electrolytes 21 .

It does

not appear that any specific orientation is necessary for
smooth deposition.

However, the onset of a definite mixture

of two orientations that result from two different additives
can lead to a duplex morphology which can give unequal
growth rates and eventually to surface roughness.
In summary, the use of voltammetry techniques offers
the opportunity of not only indicating the active concen
tration of additives in the solution, but can indicate more
basic behavior of the species as well.

The possibility also

exists to detect when an imbalance in the additive ratio
occurs, even if direct identification of the specific addi
tive responsible is not possible.

Better capability in
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identifying the concentrations of individual additive
species in a mixture would be helpful in such instances.

CONCLUSIONS

1.

The various protein colloids or glues used as levelling
agents in copper electrolytes cause notable differences
in polarization.

In general, the polarization increases

with increasing concentration for all glues.

Thus, the

generic term, glue, can be misleading, since the
specific types of these protein colloids used in
practice can give substantially different results in
terms of copper growth or interaction with other
electrolyte additives, such as thiourea or chloride ion.
2.

Avitone causes only slight changes to the voltammograms
and its role in influencing polarization and cathode
growth is not clear, but there are some indications that
it does somewhat modify other additives in the
electrolyte.

3.

A depolarized, redox peak and a polarized, passive
plateau region are present in voltammograms for thiourea
-bearing electrolytes.

The magnitude of each is

concentration dependent and significant acceleration
and deceleration in current is caused within a very
narrow potential range, a factor which may be of
importance in relating current density and level
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deposits.
4.

Chloride ion causes some changes in copper deposit
morphology and polarization behavior when present in the
electrolyte.

The most significant effect of chloride

ion in copper electrolytes is the interaction with other
organics being used.

An improper balance among these

additives can cause rough, irregluar deposits or
heterogeneous growth of copper due to a very localized
variation in the species that dominates in the
electrocrystallization process.

Results of this work

indicate that it is essential to specify chloride ion
concentration when evaluating other organic additives
because observed results are often quite dependent on
the ratio of the two actively present at the electrode
surface.
5.

Increasing the protein colloid concentration eliminates
both the redox peak and the current plateau
characteristic of growth dominated by thiourea.

The

occurrence of nodular growth common for the
thiourea-chloride electrolyte is suppressed and occurs
at much higher current densities.
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NOMENCLATURE

Tu: thiourea
FD: formamidine disulfide
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Fig. 1.

Voltammograms (reverse scan direction) obtained for

electrolytes (36.3 g/1 Cu +2 , 162 g/1 HoS0.)
containing
A
Q
TPC 69 or TPC 2268 additions.

T = 40°C; scan rate = 0.5
2

mV/sec; surface area of cathode = 0.657 cm .
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Fig. 2.

Voltammograms (reverse scan direction) obtained for

electrolytes (36.3 g/1 Cu+^ , 162 g/1 HoS0.)
containing
Z
Avitone or chloride ion additions. T = 40°C; scan rate = 0.5
2

mV/sec; surface area of cathode = 0.657 cm .
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Volts

Fig. 3.

vs.

Standard

Hydrogen

Electrode

Cyclic voltammograms obtained for stock electrolyte

(36.3 g/1 Cu+2/ 162 g/1 H^SO^) and stock electrolyte plus
5 ppm thiourea.
area of cathode

T = 40°C; scan rate = 0.5 mV/sec; surface
0.657 cm2 .
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ELECTROLYTE

Effect of thiourea on polarization behavior of

electrolytes containing 36.3 g/1 Cu +2 , 162 g/1 H^SO^
T =

40°C; scan rate - 0.5 mV/sec; surface area of
2

cathode = 0.657 cm .
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Volts

Fig. 5.

vs.

Standard

Hydrogen

Electrode

Voltammograms (reverse scan direction) obtained for

electrolytes (36.3 g/1 Cu + 2 , 162 g/1 H^SO^) containing
a mixture of additives with varying Avitone concentrations.
T = 40°C; scan rate = 0.5 mV/sec; surface area of
cathode = 0.657 cm^.
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Fig. 6.

Voltammograms (reverse scan direction) obtained for

electrolytes (36.3 g/1 Cu +2 , 162 g/1 H„SO.)
containing
Z
4
a mixture of additives with varying thiourea concentrations.
T = 40°C; scan rate = 0.5 mV/sec; surface area of
cathode = 0.657 cm^.
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Volts

Fig. 7.

vs.

Standard

Hydrogen

Electrode

Voltammograms (reverse scan direction) obtained for

electrolytes (36.3 g/1 Cu+^, 162 g/1 H^SO^) containing
a mixture of additives with varying chloride ion
concentrations.

T = 40°C; scan rate = 0.5 mV/sec; surface
2
area of cathode = 0.657 cm .
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Fig. 8.

Voltammograms (reverse scan direction) obtained for

electrolytes (36.3 g/1 Cu+^, 162 g/1 H^SO^) containing
a mixture of additives with varying TPC 69 and TPC 2268
concentrations.

T = 40°C; scan rate = 0.5 mV/sec;
?
surface area of cathode = 0.657 cm .
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Volts vs. Standard

Fig. 9.

Hydrogen

Electrode

Voltammograms (reverse scan direction) obtained for

electrolytes (36.3 g/1 Cu +2 , 162 g/1 H„SO.) containing
thiourea and/or chloride ion additions.

T = 50°C; scan rate
2

= 0.5 mV/sec; surface area of cathode = 0.657 cm .
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Fig.
Cu

+2

10.

C o p p e r d e p o s i t o b t a i n e d for e l e c t r o l y t e

, 162 g/1 I^SO^)

(36.3 g/1

c o n t a i n i n g 10 p p m t h i o u r e a addition.

T = 5 0 ° C ; c u r r e n t d e n s i t y = 35 m A / c m ^ .

(a) 50X,

(b)

1000X.
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Fig.
Cu

11.

C o p p e r d e p o s i t o b t a i n e d for e l e c t r o l y t e

, 162 g/1 H 2 SC>4 ) c o n t a i n i n g no additive.

curr e n t d e n s i t y = 35 m A / c m 2 .

(a) 50X,

(b)

(36.3 g/1

T = 50°C;

1000X.

(b)

Fig.
Cu

+2

12.

Co p p e r d e p o s i t o b t a i n e d for e l e c t r o l y t e

(36.3 g/1

, 162 g/1 KL^SO^) c o n t a i n i n g 5 p p m c h l o r i d e ion.

T = 5 0 ° C ; curr e n t d e n s i t y = 35 m A / c m ^ .

(a) 50X,

(b) 200X.
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Fig.
Cu

13.

C o p p e r d e p o s i t o b t a i n e d for e l e c t r o l y t e

(36.3 g/1

+2 , 162 g/1 H 2 S 0 4 ) c o n t a i n i n g 5 p p m c h l o r i d e ion and

10 p p m thiourea.
(a) 50X,

T = 50°C;

c u r r e n t d e n s i t y = 35 m A / c m 2 .

(b) the area b e t w e e n the nodules,

1000X.
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(b)

Fig.
Cu

+2

14.

C o p p e r d e p o s i t o b t a i n e d for e l e c t r o l y t e

, 162 g/1 H^SO^)

10 p p m thiourea.
(a) 50X,

(36.3 g/1

c o n t a i n i n g 40 p p m c h l o r i d e ion and

T = 50°C;

c u r r e n t d e n s i t y = 35 m A / c m ^ .

(b) the area b e t w e e n the pyramids,

1000X.
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(b)

Fig.
Cu

+2

15.

C o p p e r d e p o s i t o b t a i n e d for e l e c t r o l y t e

, 152 g/1 E^SO^)

5 p p m thiourea.
(a) 50X,

(b)

c o n t a i n i n g 2.5 p p m c h l o r i d e ion and

T = 40°C;

1000X

(35.3

curr e n t d e n s i t y = 28 m A / c m ^ .

g/1

Fig.
Cu

+2

16.

C o p p e r d e p o s i t o b t a i n e d for e l e c t r o l y t e

, 162 g/1 H^SO^)

5 p p m thiourea.
(a)

5 OX,

(b)

c o n t a i n i n g 20 p p m c h l o r i d e

T = 40°C;

1000X.

(36.3 g/1

ion and

c u r r e n t d e n s i t y = 28 m A / c m ^ .
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Fig.
Cu

+2

17.

C o p p e r d e p o s i t o b t a i n e d for e l e c t r o l y t e

, 162 g/1 H-SO.)

5 p p m thiourea.
(a) 50X,

(b)

c o n t a i n i n g 40 p p m c h l o r i d e i o n and

T = 40°C;

1000X

(36.3 g/1

c u r r e n t d e n s i t y = 28 m A / c m ^ .
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Volts

vs.

Standard

Hydrogen

Llectrode

Fig. 18. Voltammograms (reverse scan direction) obtained for
electrolytes (36.3 g/1 Cu+^, 162 g/1 H^SO^) containing
thiourea and chloride ion additions.

T = 40°C; scan rate
2

= 0.5 mV/sec; surface area of cathode = 0.657 cm .
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Fig.
Cu

+2

19.

, 162 g/1 i^SO^)

TPC 2268,
ion.

C o p p e r d e p o s i t o b t a i n e d for e l e c t r o l y t e
c o n t a i n i n g 1 p p m T P C 69,

5 p p m Avitone,

T = 40°C;

100X.

5 p p m thiourea,

(36.3 g/1

1 ppm

and 40 p p m c h l o r i d e

(a) c u r r e n t d e n s i t y = 10 mA/cm^,

(b) c u r r e n t d e n s i t y = 20 m A / c m

2

.
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(b)

Fig.
Cu

+2

TPC
ion.

20.

Copper deposit obtained for electrolyte (35.3 g/1

, 162 g/1 E^SO^) containing 5 ppm TPC 59, 5 ppm
2268, 5 ppm Avitone, 5 ppm thiourea, and 40 ppm c h l o r i d e
T

= 40°C; 100X.

(a) current density = 10 mA/cm^,

(b) c u r r e n t d e n s i t y = 20

2

mA/cm .

Current

(m A )
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Volts

vs.

Standard

Hydrogen

Electrode

Fig. 21. Voltammograms (reverse scan direction) obtained for
electrolytes (36.3 g/1 Cu+^ , 162 g/1 HoS0 ) containing
thiourea and/or chloride ion additions.

T = 40°C; scan rate
2

= 0.5 mV/sec; surface area of cathode = 0.657 cm .
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Volts

vs.

Standard

Hydrogen

Electrode

Fig. 22. Voltammograms (reverse scan direction) obtained for
electrolytes (35.3 g/1 Cu

+2

, 162 g/1 H„SO
) containing
Z
tir

thiourea and Avitone additions.

T = 40°C; scan rate
2

= 0.5 mV/sec; surface area of cathode = 0.657 cm .
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TABLE I
X-RAY DIFFRACTION ORIENTATION DATA

(111) (200) (220) (311) (222) (400) (331) (420
random
orientation

100

46

20

17

5

3

9

8

Stock
electrolyte *

0

0

100

0

0

0

31

13

Cl" 5 ppm *

7

7

100

9

1

1

34

21

Tu 10 ppm *

100

59

56

46

7

4

26

65

Cl 5 ppm
100
& Tu 10 ppm *

44

35

52

25

13

57

58

Cl" 40 ppm
17
& Tu 10 ppm *

100

9

22

4

16

18

53

3

4

100

4

0

1

54

27

43

64

100

31

4

8

24

13

Cl 2.5 ppm 100
& Tu 5 ppm **

3

8

3

14

0

3

1

Cl 5 ppm
100
& Tu 5 ppm **

1

1

3

8

0

4

2

Cl 20 ppm
100
& Tu 5 ppm **

34

90

46

13

5

52

44

Cl 40 ppm
20
& Tu 5 ppm **

100

3

18

1

13

3

16

Cl

40 ppm *

Tu 5 ppm **

@ The relative comparison in intensity was based
on the area under the diffraction peaks
Tu : Thiourea
**

50°C/ 35 mA/cm2
40°C, 28 mA/cm2
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Abstract

Protein colloids (glue) and thiourea are known to have
a major influence on the growth of copper from sulfate elec
trolytes during refining.

The variation in polarization

behavior caused by these additives, single and in combina
tion, was studied by voltammetry techniques in conjunction
with a rotating disc electrode.

It was found that the

polarization curves were affected by the relative amount of
the protein colloid present and also very sensitive to the
mass transfer of the protein colloid to the cathode surface.
The cathodic current measured was found to be a function of
the type and concentration of the protein colloid, the
potential and rotational speed of the disc.

Measurable

differences in polarization were noted for concentration
changes in the range of 2 ppm, indicating that the technique
could be used to monitor the concentration of these organics
in the electrolyte.

Thiourea gives a very characteristic

current plateau for copper deposition under certain specific
conditions related to the copper ion-thiourea flux ratio
transported to the cathode surface.

An equation has been

established to correlate the thiourea content of the
solution to rotation speed and scan rate by using the
thiourea plateau as the criterion.

The mixture of thiourea

and protein colloid TPC IV gave solutions whose polarization
behavior was quite different than those obtained when only
one of the additives was present.

However, it was found
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that the content of thiourea can be estimated from the slope
of the reverse scan curve at high cathodic overpotentials,
and the concentration of protein colloid can then be inti
mated by the shift in potential of thiourea peak, the higher
glue values causing an increase in overpotential roughly 1
to 2 mV per ppm of glue.
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1. Introduction

Techniques utilizing voltammetry for characterizing
electrolyte used in metal deposition processes have
increased substantially over the past few years [1-6].

One

of the main concerns of such tests is the determination of
the active additive concentrations in the electrolyte, a
factor which is very important if high quality, level cath
odes are to be obtained [7].

The evaluation of single

additives has been quite successful using simpler electro
chemical techniques, but in general, there is a need for
improved sensitivity and precision in the evaluations.

The

simultaneous detection of multiple additives with an indi
cation when a balanced electrolyte exists has proven to be
very elusive [8 ].

In addition, little is really known about

the chemical or physical behavior of these additives in
strong electrolytes, so any information on important proper
ties such as their mass transfer characteristics,
electrochemical decomposition or chemical reaction would
also be desirable.
Since the concentration of most of the additives
employed in electrometallurgical operations is very low, it
is usually assumed that the additive effect is controlled by
a diffusion mechanism.

When this is the case, many of the

electrochemical responses observed during polarization
studies should be dependent on the mass transfer conditions
under which the testing is conducted.

The objective of this
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research was to determine if a rotating disc electrode in
conjunction with cyclic voltammetry might have some advan
tages over a stationary electrode for evaluating selected
additives employed in copper electrorefining electrolytes.
Both single and multiple additives were stiadied, with
thiourea and protein colloids, or glues, being used for the
bulk of the research.
In addition to merely trying to find a means of deter
mining the active concentration of additives present, it was
hoped that this technique might also provide some insight
into the more basic aspects of the behavior of the various
additives used in processing.
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2 . Experimental

The electrolyte was prepared from Fisher certified
grade cupric sulfate pentahydrate and reagent grade sulfuric
acid to give a stock electrolyte with a concentration of 40
g/1 copper ion and 180 g/1 free sulfuric acid.

Thiourea and

Swift's technical protein colloids 69, 2268 and IV were
dissolved in distilled water to yield stock solutions of 1
g/1 for each, and were refrigerated to minimize deteri
oration.

When preparing the protein colloid stock

solutions, TPC IV was added as solid grains while TPC 69 and
2268 were in a liquid paste form [9],

No compensation was

made for the original moisture content of the TPC 69 and
2268, which was approximately 50% by weight.
The cyclic voltammetry experiments were conducted using
a Pyrex beaker cell at ambient temperature.

Both a Prince

ton Applied Research model 170 Electrochemistry Unit and a
Petrolite M-4100 Potentiodyne Analyzer were used with a Pine
Instrument Pir Rotator to generate the voltammograms.

The

disc electrode was fabricated from an Asarco high purity
(99.999 %) copper rod with a circular cross-section of
2

0.528 cm .

A platinum gauze anode and a Hg/HgoS0„
z

(saturated K^SO^) reference electrode with a potential of
0.642 V (SHE) were used to complete the system.
The copper disc electrode was prepared by wet polishing
on a 600 grit wheel, washing in an ultrasonic cleaner, rins
ing with distilled water and drying in a cold air stream.
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The disc electrode was then put in the electrolyte and
rotated for five minutes to equilibrate before each run.
The voltammetric scans were begun at the rest poten
tial, a value which varied only slightly with the additives.
For the same additive, the rest potential shifts in a more
cathodic direction upon increasing the concentration.

The

electrode was polarized in a cathodic direction at a rate
between 2 and 50 mV/sec, depending upon the test being
conducted, to a preset maximum potential before reversing to
the starting potential.

The scan cycle was repeated several

times until a steady state curve was obtained.

For this

study a steady state, as indicated by a reproducible curve,
was usually reached before the fourth cycle.

The steady

state cathodic forward sweep portions of the curves were
taken for data evaluation.
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3. Results and Discussion

3.1 Protein Colloids
The three protein colloids used in this investigation
have isoelectric points of about 5, and the same reactive
groups, NH^ and COOH.
weights are:

Their approximate molecular

TPC 2268, 10,000; TPC 69, 30,000; TPC IV,

40,000.
Protein colloids at three concentration levels (1, 3, 5
ppm) were tested at four different rotation speeds (400;
900; 1,600; 2,500 rpm) at a scan rate of 5 mV/sec. The maxi
mum scan potential attained was 0.092 V (SHE).

The curves

for the protein colloid-bearing electrolytes had a general
shape similiar to that for the stock electrolyte.

The

polarization was found to increase proportionally either
with the concentration of a selected protein colloid at
constant rotation speed or with the rotation speed at a
constant selected protein colloid content (Figs. 1 and 2).
For the same protein colloid, it can be seen that the rela
tive degree of polarization indicates the concentration of
protein colloid in solution.

The curves obtained from

solutions containing protein colloids had two notable char
acteristics.

Initially the curve is linear until a rather

sudden increase in current occurs at what might be termed a
breakthrough potential.

The magnitude of the potential was

obtained by back extrapolation to the potential axis of the
second straight line region which occurred at more cathodic
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potentials.

The variations of breakthrough potentials upon

the increase of either the concentration of a selected
protein colloid at a fixed rotation speed or the rotation
speed of a fixed concentration of a selected protein colloid
can be seen in Table I.

For a difference of 1 ppm, there is

approximately a 10 mV separation in breakthrough potential.
This magnitude of potential change with organic variations
makes the method fairly sensitive for detecting the active
concentration in solution.

Since the currents produced at

the breakthrough potentials are not the same, it may be felt
that the comparison is not on the same basis.

Another way

to evaluate the curves is to make the plots of current (I)
at selected potentials versus the rotation speed (N).

The

plots of current at three arbitrary, but representative,
potentials versus N were used to present the results.

The

potentials chosen were at 50 mV intervals in the cathodic
region where the most significant variations occurred.
Previously reported research on the characterization of zinc
electrolytes employed a similar approach [6 ].
The I versus N plots at + 0.142 V (SPIE) for the three
protein colloids are given in Figs. 3, 4 and 5.

The dashed

line is for the additive-free stock electrolyte which is
independent of rotation speed in all the plots, indicating
only kinetic control.

Each line on the plots represents a

relationship between current and rotation speed in the pres
ence of a fixed concentration of a protein colloid.

The

current for each line is shown to be inversely proportional
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to the product of the concentration of protein colloid and
the rotation speed, indicating that the current decreases
proportionally with the concentration of protein colloid
available at the electrode surface.
At equal concentrations, as shown in the figures, TPC
IV gave the highest amount of polarization per unit weight
of added protein colloid.

However, the TPC IV stock

solution was prepared from solid crystals, and both stock
solutions of TPC 69 and 2268 were prepared from the respec
tive pastes which contain volatile materials at
approximately one half of their weights.
tion results cannot be compared directly.

Thus the polariza
For the same

protein colloid, the sensitivity in differentiating two
concentrations appears to be improved with increasing rota
tion speed.

The average difference in current on the two

neighboring lines is greater at 2,500 rpm than that at 400
rpm, as seen in Table II.
Certain portions of these lines, particularly for
combinations of lower concentrations of protein colloid and
rotation speeds, are noticeably higher than for the stock
electrolyte, represented by the horizontal dashed line.
This feature indicates that copper deposition can be depo
larized with a small amount of protein colloid in certain
potential regions.

Previous studies of the effect of prote

in colloids on copper deposition using a stationary
electrode have reported the same phenomena [10].
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Since the trends of the I versus N plots are also
similiar at other potentials for the three protein colloids,
only plots for TPC IV are presented.

The lines on the

0.092 V plot are approximately parallel with a slight maxi
mum appearing in the center region (Fig. 6).

At this poten

tial, the 1 ppm line and most of the 3 ppm line are higher
(less polarized) than the stock electrolyte dashed line.
The lines in the + 0.192 V plot (Fig. 7) are similar to
those of 0.142 V, but are more closer to each other.

At

this potential, almost all the lines for different concen
trations are lower (more polarized) than that for the stock
electrolyte.
Protein colloids are added as leveling agents.

It is

believed that under a diffusion control condition, the
cationic protein colloids will preferentially adsorb at the
higher current density regions.

The protrusions of a depos

it are usually the higher current density areas because of
the lower electrolyte resistance across the electrodes and
thus less concentration polarization.

Therefore, the growth

on the protrusions can be suppressed by the additional
polarization caused by the adsorption of more protein
colloids compared to the other areas [11].

But it is also

recognized that some additives can cause polarization only
after a critical concentration level is exceeded.

Below

that critical level, the adsorption of the additives may
cause the formation of a large number of isolated growth
sites, which resemble dendrites or nodules growing out into

66
the solution, and decreases the polarization due to deposit
ing on a larger surface area [12].

If such were the case, a

levelling agent may turn out to be an accelerating agent
when the concentration is lower than the critical level.
The results have shown that the protein colloids act either
as accelerating or decelerating agents depending on not only
the actual concentration, which is governed by the combina
tion of the concentration added and the mass transfer
condition, but also the current density applied on the elec
trode surface.
From the plots, it appears that it takes a higher
concentration of protein colloids to polarize the deposition
process as the potential becomes more cathodic.

One possi

ble explanation is that the concentration of protein
colloids needed for sufficient blocking to cause polariza
tion is higher due to the increased number of growth sites
which form at more cathodic overpotentials.

With insuffi

cient blocking, the protein colloids behave as accelerating
agents by creating a large number of isolated growth sites
and cause depolarization as stated previously.

3.2 Thiourea
The thiourea test scan range is the same as that used
for the protein colloids tests, with + 0.092 V as the upper
scan potential.

The steady state cathodic forward sweep

curves of thiourea-bearing electrolyte, as indicated previ
ously by a reproducible curve, are polarized by either
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increasing the rotation speed at constant thiourea concen
tration or increasing thiourea concentration at constant
rotation speed.

As the amount of thiourea available to the

electrode surface increases, a plateau eventually appears on
the curve as shown in Fig. 8 .

The condition for the appear

ance of the thiourea plateau in the concentration range of 1
to 10 ppm appears to be more sensitive to the variations of
scan rate at a fixed potential than to rotation speed at a
fixed scan rate.

By varying the scan rate at a constant

rotation speed, a maximum scan rate exists beyond which the
current plateau is eliminated.

The scan rates used in this

study were limited to 2, 5, 10, 20, 50 mV/sec.

The

relationship between thiourea concentration and the maximum
scan rate for the existence of the thiourea plateau at rota
tion speeds of 400 and 2,500 rpm is shown in Fig. 9. (The
two curves shown are for 400 and 2,500 rpm.)

The portion

under the curve represents conditions which would not yield
a current plateau in the polarization curve.

Every point on

the lines corresponds to a combination of a concentration of
thiourea and the maximum scan rate at which this concen
tration will give a plateau.
Scan rate plays an important role in determining the
concentration ratio of thiourea to copper ions at the elec
trode surface.

Since copper ions are present in excess, the

increase of scan rate decreases the time allowed for thiour
ea to diffuse in, and results in a relatively smaller
thiourea to copper ion concentration ratio.

Therefore, an
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increase in scan rate has an effect similar to a decrease of
rotation speed.
If a plateau forms during the scan, the current remains
stable, even when potentiostated in the polarized region for
30 minutes or more.

This indicates that some type of equi

librium layer is formed and the passage of current becomes
independent of potential.

Eventually the layer becomes

unstable, possibly by either desorption or decomposition of
the organic, or the driving force for copper deposition
becomes too great as a more cathodic potential is applied.
Regardless of the conditions of scan rate, thiourea concen
tration or rotation speed, the plateau occurs at
2

approximately the same current density of 8.5 mA/cm .

Over

the same potential range the stock electrolyte has an
2

increasing current density from 8.5 to 45.5 mA/cm , thus
indicating that the thiourea causes a five fold decrease in
the copper flux.
Since the initial plateau has a current density inde
pendent of the potential applied, an attempt was made to
treat it as a limiting current density using the assumption
that the concentration of the depositing metal ions at the
electrode surface is negligible.

Therefore, the mass trans-

fer coefficient of Cu +2 ions corresponding to the plateau
can be calculated as follows:

i
P

ICC
1 onF

( 1)
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where

: current density of the plateau
: mass transfer coefficient
Co : bulk concentration of Cu +2 , mol/1
7
n : charge for Cu + 2
F : Faraday constant.

which gives
8.5 raA/cra^ =
= 7.0 x 10

(40 g/1 / 63.54 g/mol) 2 x 96500 coul/mol
cm/sec

The mass transfer coefficient is the diffusion coefficient
divided by the thickness of the diffusion layer

K_
Cu +2 = DCu + 2 /
76

(2)
v '

Cu +2 at 18°C can be estimated from the correlation
published by Hannaert [13] as

DCu+2' i8°c = 47 x 10 "b / (5.0 + r)

(3)

Where F = ionic strength = 1/2 I (Z^C^)
Z . : valence state of the ionic species
C^ : concentration of ionic species, mol/1.

Since the diffusion coefficient would not change signif
icantly for the temperature interval in question, D ^ + 2 28°C
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is used and is estimated as 3.61 x 10 -6 cm2/sec.

For a

rotating disc electrode system, the thickness of the
diffusion layer is well defined and can be estimated from
the experimental equation [14] as follows:

nl/3
6=1.61 D
7 v 1/6
/ w-1/2

...
(4)

where 6 : the thickness of diffusion layer, cm
w : angular velocity, rad/sec
2

v : kinematic viscosity of the electrolyte, cm /sec
2

D : diffusion coefficient of depositing ions, cm /sec

The viscosity and density of the electrolyte are estimated
by the correlation published by Price and Davenport [15] to
calculate the kinematic viscosity.

The v for the

electrolyte was estimated as 1.92 x 10 -2 cm2/sec.

The

diffusion layer thickness at 2,500 rpm is then calculated to
be 7.8 x 10 -4 cm. With the estimated values of D and 6,
a new mass transfer coefficient value, K', can be calculated
to compare with the mass transfer coefficient, K^, which is
_3
obtained from equation (1). K' has a value of 4.63 xlO
cm/sec, and indicates that the thiourea effect can cause a
decrease of two orders of magnitude in the mass transfer
coefficient.

It is therefore not surprising that even low

concentrations of additives can yield substantial changes in
the morphology and growth of the cathode.
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Since the mass transfer coefficient has two indentifta
ble components, D and 6, there are several possibilities
for the difference between

and K'.

It is unlikely

that the addition of a trace amount of thiourea can alter
the diffusion layer thickness sufficiently to give the
magnitude of change observed.

Thus, the change of the

diffusion coefficient is most likely responsible for the
difference between

and K'. The thiourea or some similar

complex formed from it, may produce a stable film on the
cathode which disrupts the normal deposition mechanism and
forces a condition to occur whereby diffusion of copper
through this layer becomes the rate controlling step.
Another possible approach to gaining some insight into
the plateau is to calculate the "actual" copper bulk concen
tration corresponding to the pseudo limiting current by
using equation (1).

K' estimated previously from empirical

expressions is used for the mass transfer coefficient.
"actual" bulk concentration C' can then be calculated.

ip = 8.5 mA/cm

2

K ’ = 4.53 x 10 ^ cm/sec

C' = i /K'nF
P
= 0.0095 mol/1
= 0.5 g/1 Cu

The
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The "actual" bulk concentration of copper ions is calculated
to be 0.6 g/1.

The difference between the real copper

concentration, C o , and the "actual" concentration, C',
may indicate that copper is depositing from a low activity
ion system which is formed through the formatiom of complex
ions.

The grain refining effect of adding thiourea may then

be explained as resulting from the low growth rate and high
nucleation deposition process.
Thiourea is reported to form complexes with the copper
+

ions, particularly Cu . No homogeneous Cu

+2

-thiourea

complex is known and only certain mixed complexes have been
reported [16].

Thiourea can be reduced by Cu + 2 ions in

the electrolyte and form formamidine disulfide [16].

2Cu+2 + 2(NH„)„CS
= 2Cu+ + (NH0
)0(NH)^C„S0
+ 2H+
A A
A z,
Z A z

(5)

Thiourea and formamidine disulfide also forms a redox couple

- 2e
2(NH2 )2CS ~ --- —

(NH2 )2 (NH)2C2S2 + 2H+

(6 )

+ 2e

The formamidine disulfide formed is capable of complexation
with Cu+ ions.

Polarographic studies [16] on the effect

of thiourea on the deposition of copper have shown that in
the presence of thiourea, the reduction of copper ions has
several waves depending on the relative concentration ratio
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of thiourea to copper ions.

Since the objective of this

study was not only to develop a method capable of revealing
the variation of thiourea concentration, but also to inves
tigate the possible mechanism involving additives, a solid
copper electrode was used.

Although the polarographic

studies were carried out on a dropping mercury electrode,
the polarization curves on a solid copper electrode
suggested a similar mechanism.

The acceleration of copper

deposition, which was found in a separate study using a
stationary electrode [10], with concentrations of thiourea
up to 5 ppm, was not observed in this study.

The reason may

be that the relatively higher actual thiourea concentration,
enhanced by the higher mass transfer with the rotating disc
electrode and the higher scan rate, decreases the possibil
ity of forming the accelerating species, formamidine
disulfide-Cu+ complex, on the electrode surface.

The

formation of the plateau was described previously and
explained by the adsorption of thiourea-copper ion complexes
[10].

The stable double layer species require a higher

cathodic potential to be reduced thus inhibiting copper
deposition.
The appearance of a plateau during polarization is a
characteristic feature of the presence of thiourea.

There

is a good correlation between the concentration of thiourea
and the maximum scan rate and rotation speed needed for the
existence of the plateau.

An empirical equation can be
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derived from Fig. 10 to express the correlation at scan
rates of both 5 and 10 mV/sec and is given by

R = 18.4 Y2 - 538.3 Y + 3944

(7)

where R : Rotation speed, rpm
Y : Concentration of thiourea, ppm

Therefore, the onset of a current plateau, by finding combi
nation of rotation speed and scan rate, can be used as a
good indicator of thiourea content in the electrolyte.

3.3 Thiourea and Protein Colloid Mixtures
It is common practice to add more than one additive to
an electrolyte to achieve both grain refining and levelling.
Thiourea and protein colloids, respectively, are thought to
perform these functions in copper electrometallurgy.

TPC IV

was used in the bulk of these studies and might be consid
ered to be representative of a typical glue, however other
protein colloids may give different responses.
A mixture of the two additives caused sufficiently
different polarization curves that the original criteria
used in determining the concentration levels had to be
altered.

There was strong evidence of some interaction

between the two additives and this modified the response to
changes in the apparent mass transfer as well as the current
-potential relationships.

The voltammetric tests were
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conducted at both constant rotation speed and scan rate,
with only the concentration ratio varying, to study the
polarization behavior of the mixtures.
From Figures 11 and 12, it can be seen that there is a
plateau, a peak following the breakthrough potential of the
initial polarization region.

The slope of the reverse scan

curve beyond this region is closely related to the concen
tration of thiourea.

With the addition of TPC IV to the

electrolyte containing thiourea, the general shape of the
curve is more polarized and the peak potential is shifted
toward a more cathodic direction, but the slope of the
reverse scan curve is altered very slightly.

The peak shift

caused by TPC IV is proportional to the concentration added.
As can be seen from the figures, it takes an increase of 2
ppm TPC IV to cause a 5 mV shift of the peak potential for
the electrolyte containing 1 ppm thiourea.

For the same

amount of shift for electrolyte containing 5 ppm thiourea,
it takes an increase of 5 ppm TPC IV.
From the above analyses, the slope of the reverse scan
curve remains almost unchanged for varying protein colloid
concentrations as long as the concentration of thiourea is
fixed in a mixture, and can be used for determining the
thiourea content in a mixture.

Once the concentration of

thiourea in a mixture is estimated, the protein colloid
content can then be intimated from the shift of the peak
potential.

The same type of phenomenon has been

observed by using a stationary electrode system^.

There
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are correlations between the slope of the initial part of
the cathodic forward scan curve and the protein colloid
content, the breakthrough potential of the plateau region
and the thiourea content.
The peak which occurs on the voltammograms of thiour
ea-containing electrolytes appears to be the breakdown of
the passive, adsorbed thiourea film.

It seems that the

stability of the thiourea film is potential dependent when
only thiourea is present.

The addition of protein colloid

seems to modify the double layer structure, or composition
such that the breakthrough potential is shifted toward a
more cathodic direction with increasing protein colloid
content in the mixture.

No peak is noted in the reverse

sweep indicating that the interaction is complex and depend
ent on the mass transfer conditions under which the
deposition is conducted.
The lowest concentration of the mixture studied was 1
ppm of both TPC IV and thiourea.

Depolarization, which was

found in the presence of low concentrations of TPC IV as
noted previously, was not seen for the lowest concentration
of the mixture.

Again, it points out that the mixture of

the two additives modifies the double layer structure and
gives more effective polarization.
It is highly desirable to be able to measure the active
amounts of additives in industrial electrolytes, which
usually have both protein colloid and thiourea.

The use of

RDE with voltammetry offers some advantages in separating
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the influence of various additives to different regions of
the polarization curve which assists in making estimates of
the concentrations somewhat less complicated.

The initial

results are encouraging in that this technique could provide
another dimension in characterizing copper electrolytes by
taking advantage of polarization response to changing mass
transfer conditions.

Evaluation of other test parameters,

particularly temperature and scan range, as well as differ
ent protein colloid and chloride ion mixtures seems
warranted.

Combinations of cyclic voltammetry with both

stationary and rotating disc electrodes seem to offer a
promising method for both fundamental studies of additive
behavior as well as a diagnostic tool for organic concen
trations.

The possibilities are certainly not exhausted for

additional variations in electrochemical measurements of
this type, and as the data become available voltammetry
should be very useful in improving the control of copper
deposition.
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4.

Conclusions

(a) The polarization behavior of protein colloids chosen for
study in this work was shown to be quite similar in
response to the increase of the bulk concentration and
mass transfer conditions.

Polarization is increased

with increasing of both.

This can be used as a good

means for detecting the concentration variations.
(b) Protein colloids can cause polarization or
depolarization depending on the potential selected, the
mass transfer condition and the concentration.
Therefore, the slightly localized variations of
potential and protein colloid concentration may alter
the deposition rate substantially.
(c) Thiourea causes the formation of a current plateau on
voltammograms when a proper copper ion to thiourea flux
ratio is met.

The calculation of the pseudo limiting

current indicates that the formation of a passive film
is the cause for the presence of the current plateau.
An equation has been established to correlate thiourea
content to rotation speed and scan rate by using the
existence of the thiourea plateau as the criterion.
(d) In the mixtures with protein colloids, the content of
thiourea can be estimated from the slope of the reverse
scan curve.
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(e) The concentration of TPC IV can be intimated by the
shift of the thiourea peak, but improved sensitivity
would be desirable if more exact values are desired.

80

Nomenclature

i : current density of the plateau, mA/cm
P
mass transfer coefficient

2

C o : copper concentration in the bulk electrolyte, mol/1
n : charge for Cu+^
F : Faraday constant
T : ionic strength = 1/2 E (Z^C^)
Z1. : valence state of the ionic species
C. : concentration of ionic species, mol/1
1
6 : the thickness of diffusion layer, cm
W : angular velocity, rad/sec
2

V

:

kinematic viscosity of the electrolyte, cm /sec
2

D : diffusion coefficient of depositing ions, cm /sec
R : Rotation speed, rpm
Y : Concentration of thiourea, ppm
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Cyclic voltammograms obtained for electrolytes
+2

(40 g/1 Cu ", 180 g/1 H^SO^) containing various
concentrations of TPC 69.

22°C; scan rate = 5 mV/sec;
2

surface area of cathode = 0.528 cm ; rotation speed
= 900 rpm.
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for electrolytes (40 g/1 Cu +2 , 180 g/1 H^SO^) containing
TPC IV 3 ppm at various rotation speeds.

22°C; scan rate
2

= 5 mV/sec; surface area of cathode = 0.528 cm .
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r pm

Fig. 3. The plot of current at +0.142 V (SHE) vs. rotation
speed, obtained from voltammograms (cathodic scan direction)
for electrolytes (40 g/1 Cu +2 , 180 g/1 H^SO^) containing
TPC IV.
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Fig. 4. The plot of current at +0.142 V (SHE) vs. rotation
speed, obtained from voltammograms (cathodic scan direction)
for electrolytes (40 g/1 Cu + 2 , 180 g/1 H„S0.)
containing
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4t
TPC 69.
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rprn

Fig. 5. The plot of current at +0.142 V (SHE) vs. rotation
speed, obtained from voltammograms (cathodic scan direction)
for electrolytes (40 g/1 Cu+2, 180 g/1 HoS0.) containing
TPC 2268.
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Fig. 6 . The plot of current at +0.092 V (SHE) vs. rotation
speed, obtained from voltammograms (cathodic scan direction)
for electrolytes (40 g/1 Cu +2 , 180 g/1 H^SO^) containing
TPC IV.
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Fig. 7. The plot of current at +0.192 V (SHE) vs. rotation
speed, obtained from voltammograms (cathodic scan direction)
for electrolytes (40 g/1 Cu +2 , 180 g/1 H„S0,)
containing
Z
TPC IV.
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Fig. 8 . Cyclic voltammograms obtained for electrolytes
(40 g/1 Cu +2 , 180 g/1 H^SO^) containing various
concentrations of thiourea.

22°C; scan rate = 50 mV/sec;
2

surface area of cathode = 0.528 cm ; rotation speed
= 2500 rpm.
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Relationship between thiourea concentration and

maximum scan rate at constant rotation speed to give a
current plateau.
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rotation speed at constant scan rate to give a current
plateau.
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Fig. 11.

Cyclic voltammograms obtained for electrolytes

(40 g/1 Cu +2 , 180 g/1 H^SO^) containing
and various concentrations of TPC IV.

1 ppm thiourea
22°C; scan rate
2

= 5 mV/sec; surface area of cathode = 0.528 cm ; rotation
speed = 900 rpm.
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Fig. 12.

Cyclic voltammograms obtained for electrolytes

(40 g/1 Cu + 2 , 180 g/1 H^SO^) containing
and various concentrations of TPC IV.

5 ppm thiourea
22°C; scan rate

5 mV/sec; surface area of cathode = 0.528 cm ; rotation
speed = 900 rpm.
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TABLE I
The Effects of Varying Rotation Speed or Concentration
of Protein Colloids on the Breakthrough Potential
Concentration of
TPC 69 (ppm)
Breakthrough
potential
Volt (SHE)
*

1

3

.167

.150

.130

900 rpm, 5 mV/sec

TPC IV
Rotation speed
(rpm)
Breakthrough
potential
"Volt (SHE)
*

5

5 mV/sec

3 ppm

400

900

1600

2500

.166

.139

.127

.116
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TABLE II
The Change in Current Produced by the
Addition of 2 ppm of Various Protein Colloids

TPC 69

TPC 2268

TPC IV

400 rpm

3.4

1.6

2 .7

2500 rpm

4.0

3.3

3.1

*

5 mV/sec
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APPENDIX

Evaluation of Certain Additives in Synthetic and
Industrial Copper Sulfate Electrorefining Electrolytes
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I . INTRODUCTION

Control of electrolyte additives is recognized as one
of the most important factors in obtaining efficient, high
quality copper cathodes.

Research and development work has

continued on the application of cyclic voltammetry to the
identification of the active organic species in copper
sulfate electrorefining solutions. The major objective of
this portion of the program was to show the feasibility of
the voltammetry technique in actual plant applications.

In

addition, data were generated on the influence of various
test parameters (scan conditions, electrode material, time,
etc.) on the detectability of the different additives.
The work progressed to the point that actual in-plant
trials were made at Cerro Copper during first part of 1981.
Test results indicated that differences in glue and thiourea
levels, in the range normally encountered in the plant,
could be detected by noting variations occurring in the
polarization curves.

Since that time, a unit has been

purchased which will allow a continuous monitoring of plant
solutions.

Research in our laboratories has emphasized

substrate effects (copper, aluminum, platinum, stainless
steel, etc), in an effort to improve the sensitivity of the
test to an even greater degree.
There appears to have been good overall progress made
during the past period.

The feasibility of using the tech

nique now has been established, and it remains to improve
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the reliability and flexibility of the system to an even
greater degree.

The procedures and results obtained, both

in the laboratory and at Cerro Copper are included in the
following report.

101

II. EXPERIMENTAL

The cyclic voltammetry experiments were conducted in a
Pyrex beaker in a constant temperature water bath
(40°C).

A Wenking model 70 HP 10 potentiostat was used

in conjunction with a Wenking model VSG 72 voltage scan
generator which allowed the desired conditions (scan rate,
scan range start potential, scan direction, etc) to be
applied automatically.

The voltammograms generated were

recorded on a Mosley 135 AM X-Y recorder.
electrometer was used to measure potential.

A Keithley 610C
Later, a

Petrolite M-4100 potentiodyne Analyzer was used to generate
and record the voltammograms.
from Cu rod stock.
2

cm .

The cathode was fabricated

The exposed surface area was 0.785

The anode was constructed from platinum gauze.

A

Hg/Hg^SO^ (IN H^SO^) electrode with a potential of
0.662 V (SHE) was used as the reference electrode.
The working cathode was prepared by wet polishing on
240, 320, 400, and 600 grit paper, washing in an ultrasonic
cleaner, rinsing with distilled water, drying in a stream of
cold air, and immediately placing in the electrolyte.

The

Pt counter electrode was washed with distilled water before
and after a run.

The cell was allowed to equilibrate for 10

minutes before each run.
The voltammograms were begun at the rest potential,
which was approximately -0.35 V (vs. reference electrode).
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The rest potential varied with the additive content.

Vari

ous scan rates and temperatures were tried but 0.5 mV/sec
and 40°C gave the more revealing results and were employed
for the bulk of research.

The factors studied were the

effects of the additives (Swift technical protein colloids
69 and 2268, thiourea, Avitone, and Cl ) in the electro
lyte and the correlation of their polarization behavior with
concentration changes.

Protein colloid and glue are

exchangeable terms in this report.
When morphological studies were desired, short time,
galvanostatic depositions were used.
was filled with the electrolyte.

A 600 ml Pyrex beaker

Electrolytically refined

copper served as the soluble anodes for the experiments.
Before each experiment the anodes were prepared by soaking
in a 40% HNO^ solution, rinsing with tap water, followed
by distilled water, and finally acetone.

The anodes were

then immediately dried in a cold air stream.

The cathodes

were commercial titanium with a working dimension of 3.4 cm
by 2.6 cm.

They were prepared by abrading with 240, 320

grit paper and then rinsing with tap water, distilled water,
acetone, and finally drying with hot air.

Teflon edge

strips were used to prevent edge growth during deposition
and to facilitate deposit removal.

Two anodes and one cath

ode were used, and a slotted plexiglass top cover maintained
a cathode to anode distance of 3.1 cm.

The deposition time

for all the experiments was 6 hours and current density was
35 ASF.

The electrodes were then removed from the cell at
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the end of each experiment and given the same rinse cycle
used for their preparation.

The copper deposits were care

fully removed from the titanium by a sharp knife.

The

morphology and crystal orientation of the deposit were
determined by scanning electron microscopy and x-ray
diffraction.
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III. RESULTS

A. CYCLIC VOLTAMMETRY
1. The Effects of Varying One Single Additive Upon the
Polarization Curve in the Synthetic Solution.

A synthetic

solution with a composition of Avitone 5 ppm, thiourea 5
ppm, glue 69 1 ppm, glue 2268 1 ppm, chloride ion 40 ppm
gave a polarization curve similar to that of a plant elec
trolyte.

The solution with the above composition was then

chosen as the reference base, with the objective of finding
the effect of varying one single additive upon the polariza
tion curve.

Each set of tests began with zero or low

concentration of one additive with the rest of additives
maintained at the base level.

The concentration of the

additive being tested was increased in specific increments
(ppm) to the desired level.

Figs. 1, 2, 3 and 4 show that

increasing Avitone can eliminate the distinguishable polari
zation indication of the thiourea.

With zero concentration

of Avitone the curve looks like there is heavy thiourea
present.

With 10 ppm of Avitone the polarization (indic

ative of glue content) remained unchanged through the tests.
With a low concentration of thiourea (2 ppm, Fig. 5) in
the synthetic solution the polarization curve looked similair to those containing higher concentrations of Avitone
(10 ppm, Fig. 4).

Once the concentration reached 8 ppm

(Fig. 6 ), the thiourea polarization plateau became longer
and shifted downward.

As the concentration of thiourea
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approached 13 ppm (Fig. 7) the plateau shifted to a lower
current density and began to affect the initial portion of
the curve by extending it to higher potentials before the
current increase was noted.

Also, higher thiourea contents

tend to deform the plateau from horizontal into wave shape
showing an initial broad peak.
With no Cl ion in the solution (Fig. 8 ), the polariza
tion curve obtained was similar to that for high Avitone or
low thiourea.

The addition of Cl ion (Figs. 9 and 10)

appeared to assist in stabilizing the thiourea polarization
plateau; also the plateau shifted upward with increasing
concentration of Cl ion.

As shown in Figs. 11, 3 and 12 the

increase in glue content tends to elongate the first portion
of the curve decrease the length of the thiourea polariza
tion plateau.

2. Thiourea-Avitone Effects.

From the results above it

is reasonable to speculate that thiourea and Avitone can
counterbalance each other in polarization experiments.

A

series of experiments were as then performed to determine if
such an interaction existed.

A plant electrolyte, which has

been
heated at 40°C overnight to degrade the organic additives,
was taken as the base solution.

First, 5 ppm of thiourea

was added with 0.5 ppm of each glue.

Then Avitone was added

with the objective of eliminating the characteristic polari
zation of thiourea.

As shown in Figs. 13, 14,
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15 and 16 the sequential additions of thiourea-Avitonethiourea-Avitone did show a consistent counterbalancing
effect.
3. The Voltammetric Stripping Method.

The voltammetric

stripping method is conducted by cycling the potential of an
inert rotating platinum disc electrode in the solution, so
that a small amount of Cu is alternately deposited on the
surface and then stripped off.

The charge required to strip

the Cu is related to the concentration of the additives in
the solution.

It is hoped that it might be used as an indi

cation of totalizing effect of all the additives upon the
deposition.

Tests conducted to date have shown results that

are closely related to the Cu stationary disc polarization
curves.

Attempts have also been made to find polarization

variations on the stripping curves that are indicative of
the various additives.

Trends have been noted but nothing

definite has yet been established.

4. The Aging of Plant Electrolyte.

The tests were

conducted by allowing the plant electrolyte to stand at room
temperature without electrolysis for various periods of
time.

The results have shown that the additives are under a

time-dependent deterioration in the electrolyte (Fig. 17A,
B, C and D).

Elevated temperature increases the rate of

deterioration.

107
5. Cycling on Copper Substrate.

Although the single

scan method on a copper substrate has a proven reliability
in monitoring the variation of the additives, surface prepa
ration has been shown to be critical if reproducible results
are to be obtained.

Thus a series of tests using continuous

cycling (up to 10 scans) was initiated to see if this tech
nique could give more consistent data, or if some
pseudo-equilibrium type curve could be obtained.

This even

tually amounts to cycling on an electrolytic copper surface.
Fig. 18 shows the curves generated when four cycles were run
between the rest potential and -0.49 V using a solution with
glue only.

There is an initial rise in current at about

-0.43 volts, but this is absent in the subsequent sweeps.
With only thiourea in the electrolyte, all the cycled curves
are similar in shape with the hump or current peak shifting
to a more negative potential and slightly higher current
after the initial scan (Fig. 19).

The addition of Avitone

to the thiourea only electrolyte nearly eliminates the peak
from the forward scan (Fig. 20).

The hump occurring between

-0.56 and -0.58 V was not present when the upper scan poten
tial was at -0.70 V, rather than -0.60 V used for the
experiments.
Since the initial results of these tests were promis
ing, additional research is planned in this area.

6 . Plant Electrolyte Tests.

A schedule was set up to

have plant electrolyte sent to the UniA/ersity of Missouri at
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Rolla regularly for continuous monitoring.
usually took 2 or 3 days to arrive.

The samples

Although some degree of

deterioration had taken place during the shipping, as
expected, useful information was still obtained.

During the

test period (from 7/16/79 to 10/10/79) the additives seemed
to fluctuate within a reasonable range (Fig. 21A-L).

Satis

factory deposits were reportedly obtained in the plant
during the period.

7.

In-Plant Trial.

An in-plant trial was conducted

following the plant electrolyte evaluation studies.

The

Petrolite unit was brought to Cerro for their use and evalu
ation.

Both the regular and stripper electrolytes were

tested daily with the emphasis on the sensitivty in detect
ing the thiourea and/or glue concentration.

From the

figures (Figs. 22A-C) the variation of the additives in a
range of several ppm was noted.

Fig. 22B indicated the

electrolyte had a higher concentration of glue than that of
Fig. 22A.

And the electrolyte of Fig. 22C had a higher

concentration compared to that of Fig. 22B.

This is indi

cated by the increased initial polarization noted in the
curve.

Fig. 23A-D shows the effect of increasing the

thiourea content with a fixed glue concentration in the
electrolyte.

Fig. 24A-B shows the increase of glue with a

fixed concentration of thiourea in the electrolyte.
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8 . Substrate Effects.

Substrates made of aluminum,

platinum, and stainless steel were evaluated in an effort to
determine if any improvement in the sensitivity of the test
in detecting the various additives could be obtained.
Single and cyclic scans were applied to each substrate with
the additive being varied in a range of practical interest.

a. Stainless Steel Substrate.

The initial polarization

of the stock solution on a stainless steel substrate is
high.

It makes the initial forward scan vague in showing

the variation of the additives.

The reverse scan curve of

the stock solution is similar to the reverse scan curve of
the solution with glue only.
(Figs. 25 and 26).

They are all straight lines

In the presence of thiourea the charac

teristic hump appears on the reverse curve with the peak at
around -0.45 V (Fig. 27).

Cylic scans reveal that glue and

thiourea give similar results to those on a copper subs
trate .

b. Platinum Substrate.

On platinum, the forward scan

curve of the stock solution is initially polarized up to the
vicinity of -0.40V , then shows a peak at around -0.43 V
(Fig. 28).

The addition of glue to the stock solution can

eliminate the hump (Fig. 29).

The characteristic hump of

thiourea appears on both the single and the cycled scan
curves, with a peak at around -0.48 V (Figs. 30 and 31).

On

the cycled curve the thiourea hump decreases in magnitude as
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the glue concentration is increased in the solution (Fig.
32) .

c. Aluminum Substrate.

For stock solution there is a

break in the curve about -0.455 V on the forward scan (Fig.
33) following the initial polarization the stabilized cycl
ing curve is proportional to the concentration of glue (Fig.
34) .

Cycling scans show thiourea gives similar results as

that on a copper substrate (Fig. 35).

d. Comments.

From the results it is obvious that cycl

ing scans can provide more information than single scans on
the non-copper substrates, but cycling has to be performed
until reaching a pseudo-equilibrium state.

We believe that

it is the copper deposited on the substrate, not the subs
trate itself, that is capable of revealing more information
about the variation of the additives.

For the above reason,

copper seems to be the most suitable substrate for this
study.

(Graphite as the substrate had also been evaluated,

but it was not felt to be sufficiently advantageous to
pursue.)

Ill
IV. DISSCUSSION

The interaction between the additives showing on the
voltammetric curve makes this technique capable of revealing
the relative concentration of those additives.

In the

normal operation range of Cerro electrolyte, the behavior of
additives can be summarized as follows:
(1)

Glue content is indicated by the initial slope of the
polarization curve and its extent, with higher amounts
causing decreases in slope and extending to more
cathodic potentials.

(2)

Thiourea causes a plateau region to form during the
initial scan.

There is a slight peak at first, which

is followed by a region similar in appearance to a
limiting current.
(3)

Avitone seems to partially counteract the effect of
thiourea.

However, this effect was not reproduced in

the tests conducted in the Cerro laboratory, thus more
work may be needed here.
(4)

Cl

has a variable effect on the plateau current

caused by thiourea.

At low Cl

contents there is a

notable drop in the current plateau level, but this
increases with increasing Cl

contents up through 40

ppm (and eventually even exceeds the initial value).

A relationship between the voltammetric curve and the
deposit needed to be established to determine the tolerable
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variation range on the curve for a sound deposit, since the
required concentration of the additives varied with the
differing hydrodynamic conditions between the laboratory and
industrial cells.

Some differences may also be caused by

impurity level variations along the systems.

Daily monitor

ing of the electrolyte and the representative samples of
starting sheet characterized by x-ray and SEM would provide
the necessary information to establish the relation.
In general, some of the things noted in this research
have been observed previously in the tank house operations.
For a good quality electrolyte, Cl
within a certain range.

has to be maintained

It appears that thiourea and

Avitone are needed in a ratio of several times that of the
glue for good operating conditions for Cerro electrolyte.
Additional research is needed to show how an improved sensi
tivity to the presence of the various reagents may be
obtained.

But, overall, the present technique does seem to

define the role played by each additive in causing changes
in the polarization behavior of the system.
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